SUMMARY The primary purpose of this study was to attempt to select, by examination of the time interval histogram (TIH) output of a range gated pulsed Doppler (RGPD), all children with left-to-right shunt at the atrial level from a pool of 57 children. Fifty-four of the children had various forms of acyanotic cardiac disease.
THE USE OF range gated pulsed Doppler (RGPD), combined with echocardiography, has not grown clinically since its introduction in 1973.1 Although this could, in part, be due to concentration of investigators and clinicians on M-mode and two-dimensional echocardiography, it is probably more related to the difficulty in learning to use information obtained by RGPD. Until now, virtually all attention has been focused on the audible output which represents the Doppler frequency shift.1-3 Recently, a time interval histogram (TIH) output has become available. The TIH provides information which is closely related to results of spectral analysis.2 The theory underlying the principles and use of the TIH are covered in detail elsewhere. 2 The red cell velocity, under conditions of laminar flow in the heart or great vessels, is approximately uniform at a given instant of time. The RGPD senses the back scatter from each red cell that intersects the ultrasonic beam and reflects a signal back to the receiver. The receiver and processor electronically convert the information to frequency shift, and that shift is a function of particle velocity. Variance of velocity throughout the cycle causes the frequency to shift in a similar manner. The TIH depicts the frequency shift of reflecting particles as a point on the y axis of the histogram at a sampling rate of 4,000/sec. Thus, the velocity pattern from each heartbeat is represented by a series of points inscribed in a histographic format. Laminar flow produces a narrow band width of points, since the velocity of the reflecting particles is nearly uniform. Disturbed flow, such as results from an obstruction, produces a wide spectrum of velocities and thus a dispersed series of points on the TIH.
The theory of the TIH is sound in principle, but it has not been tested under rigorous conditions. This study assesses the diagnostic accuracy of the TIH, used under carefully controlled circumstances, to separate children with proven atrial septal defects from those with other cardiac malformations.
Methods
Our study population consisted of a random sample of children with left-to-right atrial shunts selected from the population at Sophia Children The examination was performed in many ways similar to that for a standard precordial and suprasternal echocardiogram. Principle differences between M-mode and echo-Doppler examination are:
1) The M-mode tracing is optimal when the reflecting structure is perpendicular to the beam, whereas the opposite is true for the Doppler signal. Accordingly, the examiner is forced to compromise in each instance to display the most optimal result. 2) For echo-Doppler, the M-mode output is used exclusively to document the location of the Doppler signal.
3) The Doppler signal is sampled from intracardiac locations that are as free as possible of valve leaflets and walls or septa. These locations may not be classical M-mode sites, but are in the chamber of interest.
The M-mode position was used to identify the site from which Doppler signal was being sampled, and this was recorded on each recording as a straight line. During echo-Doppler examination an audible signal was present which represented the Doppler frequency shift. In the present investigation that signal was used exclusively to find a position in the chamber of interest which was free of interfering structures and, at times, to locate the best area for recording the TIH. The audible signal information was not used to classify the TIH for, by design, it was not available when the tracings were reviewed.
Interpretation of numbered tracings was accomplished by classifying the TIH for each cardiac location and phase of the cardiac cycle as coherent or noncoherent. Examples of each pattern are shown in figure 1. To be classified as noncoherent, the amplitude of dispersion at any location or portion of the cycle was required to have an envelope at least one cm high without regard to the reference line and with controls set as indicated. Transient dispersion of one cm amplitude due to a valve crossing the sample volume was disregarded. If a complex was of an amplitude greater than 3 cm, the dispersion was required to be at least a third of the complex height. These criteria resulted from a pilot investigation which demonstrated that normals did not exceed an envelope amplitude of 7.5 mm. Each record was judged independently by two observers. Results of each observer were recorded with the examination number. The control code was broken by matching the TIH results to the previously established diagnosis.
Results

Population
Control Group
The control group, aged 3 months to 19 years, consisted of three normal children, 15 with isolated pulmonary stenosis, 15 with ventricular septal defects and ten with mitral insufficiency. The specific objective in this investigation was to determine the presence of an abnormal diastolic TIH for the right atrial outflow area ( fig. 1) . For those children who demonstrated this finding, a second objective was to attempt to identify any associated lesions.
No control demonstrated an abnormal diastolic TIH for right atrial outflow. In two subjects (one with ventricular septal defect, one with pulmonary stenosis), a systolic disturbance too low to classify as definitely abnormal was found by one examiner. These constituted the only findings in the control group related to the right atrial outflow.
A trial Shunt Group ( fig. 2 ) All 14 subjects with left-to-right atrial shunts were detected by study of the TIH but not by each examiner. One examiner failed to detect the diastolic The chance probability of detecting all controls and 13 of 14 patients with left-to-right atrial shunts is less than 1 /10,000 as determined by the Chi-square test.
Discussion
The unique feature of this investigation is the demonstration that the TIH alone contains the necessary information for detecting flow disturbance due to a left-to-right atrial shunt. TIH information also appears objective, as the similarity of conclusions by two independent observers under controlled circumstances in this study was 96.7%.
the diastolic murmur which is heard during auscultation at the lower left sternal border in children with left-to-right atrial shunts. 5 The term "flow disturbance" has been used instead of "turbulence," for we have not measured turbulence. The latter term is usually defined as a deviation in the relationship of flow and pressure gradient in a rigid tube. 6 We did not measure the latter and prefer to use the less specific term, flow disturbance. The problems of defining turbulence in a pulsatile system are even more complex.
Detection of gross disturbances of the TIH is not a problem; however, recognition of minor disturbances may be one. Moreover, it is not yet clear how much importance should be attached to detection of minor disturbances. The TIH is a zero crossing detector and is, therefore, not ideally sensitive or immune from noise. We required that the disturbance be quite obvious and that dots appear in a broad band at least 1 cm in amplitude, or greater if the complex was large. With gain adjusted as described, this procedure was effective in defining disturbances at the tricuspid level in at least 13 of 14 instances. However, the authors cannot be certain that the 1 cm amplitude criterion holds for all instruments. Other investigators are urged to standardize their instruments on normal subjects.
One further point regarding the TIH deserves attention. The pattern is one of dots, but no method exists to determine the number of dots which overlay one another at a particular coordinate point on the TIH (i.e., no density function is provided). Density function information and an electronic means of computing the dispersion would be a major improvement.
A major factor in obtaining a good Doppler signal is line level adjustment. The setting is not critical, but it must be checked in each new cardiac position. A low line level will cause all dispersion to disappear and too high a line level will increase noise which has its own dispersion. The instrument permits observation of the input signal to the TIH, and this appears to be an accurate method for adjusting line level.
Failure to recognize mitral insufficiency in three patients was of concern. The child with the greatest insufficiency by angiography was patient 9, and this was recognized by both observers. The other four catheterized patients each had mild mitral insufficiency, but by RGPD only two were recognized. The degree of insufficiency of the uncatheterized patient is unconfirmed. A recent RGPD communication indicated no difficulty in finding audible characteristics of mitral insufficiency in seven catheterized instances and 10 others with only clinical mitral insufficiency.3 However, none of these children had mitral regurgitation from a cleft in the anterior mitral leaflet. Johnson and co-workers have indicated that they detected 28 of 32 instances of confirmed mitral regurgitation. No indication is present that any of these had insufficiency on the basis of a cleft leaflet.7 In the presence of a cleft, the jet may be directed toward a more difficult area to locate than is the case of a jet directed between the leaflets. Alternatively, the TIH method or our interpretation may be insensitive to small disturbances, but these insufficiencies were not audible by RGPD during the examination. Further investigation into detection of disturbance in cleft mitral leaflets is indicated, but was not the subject of our investigation.
The differential diagnosis of the right atrial diastolic outflow disturbance must be considered. The abnormal echo-Doppler examination detected only increased flow through the tricuspid valve, so the precise entry site of the left-to-right shunt was not detected by this investigation. Entry sites could have included an atrial septal defect, anomalous pulmonary venous connection to the right atrial system or any form of anomalous coronary drainage into the right atrium. Possibly, a similar TIH could be found with only elevated cardiac output, but this was not evaluated. A ruptured sinus of Valsalva or a left ventricular-right atrial shunt would probably have produced a systolic disturbance in addition to that in diastole and would have been suspected by RGPD examination. The Ebstein abnormality has, in our experience, not been confusing, for the principle flow disturbance is systolic. True tricuspid stenosis would not be distinguished from disturbance due to a left-to-right shunt by Doppler alone. An M-mode examination could separate the two entities. 8 In summary, the usefulness of evaluating the TIH output of a RGPD was demonstrated by this investigation under controlled circumstances. The method was shown to be effective for separating children with left-to-right atrial shunts from those without that condition. Moreover, the method appears objective as similar results, in most instances, could be obtained independently by two observers. The technique and instrumentation are early in their development, and although the results are encouraging, much further investigation into the potential and problems of the technique is necessary.
